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Introduction
Angiogenesis plays an important role in tumor growth and metastasis (Folkman, 1974; Carmeliet, 2000; Dong et al., 2009) . New blood vessels are considered to be essential for the delivery of nutrients and oxygen to the tumor microenvironment, especially when the tumor volunm is 1-2 mm in diameter (Xiao and Singh, 2008; Dong et al., 2009) . Moreover, new blood vessels seem critical by providing route for metastasis, a complex phenomenon in which tumour cells invade surrounding tissues to form distant secondary tumors, and thus it is considered as the major cause of cancer mortality (Bergers and Benjamin, 2003; Cooney et al., 2006; Yi and Benjamin, 2008) . These discoveries have led to the design of therapeutic strategies toward the tumor vasculature, aiming either to prevent the formation of new vessels (antiangiogenic) or to damage existing vessels (vascular targeting) (Taraboletti and Giavazzi, 2004) . The antiangiogenic strategy has led to the development of compounds which is designed to control tumor growth by blocking its ability to develop a blood supply.
Endothelial cells play a major role in each step of tumorous angiogenesis, including endothelial cell proliferation, adhesion, migration, invasion, and tube formation (Jain, 2003; Coultas et al., 2005; Yi et al., 2008) . Many proangiogenic growth factors regulate angiogenesis through PI3K/Akt and MKK/ ERK signaling pathways (Kim et al., 2004; Lu et al., 2005; Perona, 2006) . MKK/ERK signaling pathway has been shown to play a crucial role in tumori- genesis and tumor metastasis (Ward et al., 2001; Huang et al., 2008) , and sustained activation of ERK has been established as a requirement for angiogenesis (Berra et al., 2000; Dong et al., 2001; Depeille et al., 2007) . AKT is also an important factor in mediating vasodilation, vascular remodeling, and angiogenesis. HK, an active component purified from Magnolia, has been reported to possess anti-angiogenesis potency (Bai et al., 2003; Ikeda et al., 2003) . Our recent studies have indicated that HK induces apoptosis in tumor cells, inhibits angiogenesis and lymphatic metastasis (Wen et al., 2009) . The multiple biological properties of HK encouraged further structure modification to increase the potencies of anti-tumor activity. In our previous study on structure-activity relationship, we found that FH, a novel derivative of HK, displayed more potent anti-proliferative potentials than HK (Luo et al., 2009) . The aim of this paper was to clarify its inhibitory capacity of angiogenensis and the underlying mechanism.
Results

FH exerts higher inhibitory potency than HK on a proliferation MTT assay
In our previous study, a series of HK derivatives were first synthesized in our group for the screening of anti-proliferative assay by MTT (Luo et al., 2009) . FH exerted more potent anti-proliferative activities than HK. As shown in Table 1 , FH had 2-folds higher inhibitory potencies than HK both on LL-2 and A2780 tumor cell lines and a 1.5-folds on HepG-2. The IC 50 values of HK and FH on HUVEC cells were 52.6 μM and 46.2 μM respectively. No significant cytotoxic effects were identified with respective 10, 20 and 40 μM (cell viability＞60%) of the two compounds for 24 h, suggesting that all the experiments were done at non-toxic concentrations. Figure 1C indicated that FH inhibited HUVEC proliferation also in a time-dependent manner. A 40 μM FH resulted in an inhibition of 53.8% in 24 h treatment and 71% in 72 h treatment.
FH inhibits migration of HUVEC Cells via disrupting F-actin cytoskeleton organization
The migration of endothelial cells is a process of chemotaxis, which is an indispensable step in angio genesis (Tong et al., 2006) . We used wound-healing migration assay to assess the ability of FH to affect the migration of HUVECs and found that FH inhibited HUVEC migration in a concentrationdependent manner ( Figure 1D ). As shown in Figure  1E , FH exerted a more significant inhibition than HK when both agents were at the same concentrations, suggesting that FH effectively prevented the migration of HUVECs.
Tumor cell invasion to the extracellular matrix is an important event in the process of tumor metastasis. We proceeded to determine the effects of FH on the invasion of HUVECs using a modified Boyden chamber assay. Results were shown in Figure 2 . In control group, a large number of cells migrated to the bottom layer of the membrane in the Boyden chamber, and FH significantly reduced the number of invading cells both at 10 μM and 20 μM concentrations compared to HK ( Figure 2B ).
Dynamic regulation of the filamentous actin (Factin) cytoskeleton plays an important role in cell migration (Vicker, 2000; Chiou and Don, 2007; Tak et al., 2007) . In order to further confirm the antimigrating activity of FH, fluorescence staining was used to visualize the changes in F-actin fiber organization of HUVEC cells. Compared to the controls (Figure 3 ), actin cytoskeleton organization was greatly disturbanced when treated by FH at 20 μM for 24 h. These results additionally confirmed that FH can effectively inhibit the HUVECs migration.
FH disrupts tube formation
We evaluated the effects of FH on the formation of capillary-like tube structures by plating HUVECs on matrigel. The compound treatment caused the disruption of the capillary-like tube network in a concentration-dependent manner (Figure 4 ). The number of endotubes was substantially reduced after treated by 20 μM of FH ( Figure 4D ) and the tubes were completely destroyed at the concentration of 40 μM of FH ( Figure 4F ). The comparison between FH and HK is showed in Figure 4H . Our observation suggested that FH can effectively reduce the ability of HUVEC cells to form stable capillary-like network structures in vitro.
FH reduces neovascularization of the zebrafish
Recently, the zebrafish has been proved to be an in vivo model for investigating the process of new blood vessel formation (Chan et al., 2002; Cross et al., 2003; Taraboletti and Giavazzi, 2004) . Using this model, we examined the antiangiogenic activity of FH in vivo. As seen from the Figure 5 , the newly-grown segmental vessels from the dorsal aorta of the control groups are perfect (the control group). Segmental vessel sprouts were not discernibly affected at a concentration of 10 μM of FH. In contrast, when the concentration was increased to 40 μM, FH showed a strong inhibition o C for 24 h, embryos were were anesthetized using 0.05% 2-phenoxyethanol in embryo water and photographed.
by occuring a few blood sprouts. The results illustrated that FH significantly inhibited angiogenesis on a zebrafish embryo assay.
FH inhibited phosphorylation of ERK in HUVEC cells in vitro
Since FH demonstrated to have inhibitory effects on angiogenesis, the effects of the compound on the activation of ERK and AKT were investigated by western blots to further clarify the molecular mechanisms. As shown in Figure 6 , western blotting revealed that ERK expression was sharply downregulated with FH treatment, but AKT expression seemed unchanged, illustrating that FH-mediated HUVEC cell migration, invasion, proliferation and tube formation inhibition are mainly contributed to the suppression of ERK signaling pathway activation. The column is the ratio of gray intensity analysis of t-ERK1/2 and p-ERK1/2 protein bonds.
Discussion
Angiogenesis is the formation of new blood vessels from the endothelium of the existing vasculature, and inhibition of angiogenesis is associated with a significant delay of tumor growth (Tong et al., 2006) . Based on our present results, we conclude that FH effectively inhibits endothelial cell proliferation, migration, invasion and tube formation, as well as prevents angiogenesis in vitro. In this study, the zebrafish models which were used for studying inhibitors of angiogenesis commonly, had several advantages that will make it a very potential method in vascular development assays. for example, the embryos are transparent, the vascular development is very rapid and large numbers of embryos can be easily manipulated. The observation that FH inhibited the newly formed blood vessel numbers of the zebrafish gave us a direct view of its antiangiogenesis capacity. We also further confirmed the inhibitory impact on cell migration using F-actin cytoskelon assay for the first time. Cell migration is a multi-step cellular process initiated by forming protrusive structures like filopodia, lamellipodia via a combination of actin polymerization and depolymerization, and formation of these structures is driven by the control of F-actin polymerization (Kedrin et al., 2007) . Thus, the changes in F-actin polymerization contribute to the process of cell migration (Huang et al., 2002; Wang et al., 2005) .
To determine the mechanisms of activity of FH, we examined its effect on expression and phosphorylation of key signal transduction pathways. ERK and AKT pathways are the two major ones among the endothelial cell signaling pathways that regulates endothelial cell growth, migration, proliferation, and survival and it is necessary for essential Figure 6 . Effects of FH on ERK and AKT signaling pathways. HUVEC cells were cultured with FH (0, 10, 20, 40 μM) for 24 h, and whole cell lysates were subjected to SDS-PAGE followed by western blots with Antip44/42 MAPK, anti-Phospho-p44/42 MAPK, anti-AKT, anti-Phospho-AKT antibodies. The blots were stripped and reprobed with anti-β-actin antibody to ensure equal protein loading. Gray intensity analysis to the t-ERK1/2 and p-ERK1/2 protein bonds are also showed. cellular procedures of endothelial cells and angiogenesis after activation (Murphy et al., 2006; Huang et al., 2008) . On the basis of present results, we suggest that anti-angiogenensis activity of FH is in great part due to the inhibition of ERK expression.
In conclusion, we systematically demonstrated that FH could effectively inhibit endothelial cell migration, invasion, proliferation, and tube formation in a dose-dependent manner in vitro and in vivo. Besides, we identified that FH mainly inhibited angiogenesis by suppressing the activation of ERK signaling pathway.
Together, these data suggested that FH appeared more effective compared with HK on angiogenesis and might play an important role in metastasis.
Methods
Cell culture and reagents
Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cord with collagenase. After dissociation, the cells were collected and cultured on gelatin-coated culture flasks in M199 medium with 20% FBS, 10 ng/ml bFGF, 2 ng/ml VEGF, 100 IU/ml penicillin and 100 μg/ml streptomycin. Subcultures were performed with trypsin-EDTA. Media were refreshed every two days. The identity of umbilical vein endothelial cells was confirmed by their cobblestone morphology and strong positive immunoreactivity to von Willebrand factor. All cells were incubated in an atmosphere containing 5% CO2 at 37 o C.
Anti-p44/42 MAP Kinase (ERK) monoclonal rabbit antibody, anti-Phospho-p44/42 MAP Kinase (p-ERK) monoclonal rabbit antibody, anti-AKT monoclonal rabbit antibody and anti-Phospho-AKT monoclonal mouse antibody were purchased from Cell Signaling Laboratories (Beverly, MA). Anti-β-actin monoclonal mouse antibody, goat anti-rabbit IgG/HRP and goat anti-mouse IgG/HRP were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Matrigel was ordered from BD Biosciences. Transwell inserts for 24-well plates were obtained from Costar (Cambridge, MA).
FH and HK were synthesized by our own laboratory, and the purities were 99.8% determined by high-performance liquid chromatography.
Cellular proliferation assay
MTT assay was performed to evaluate the drug cytotoxicity. Cells were treated with various concentrations of the compound in 96-well culture plates for 24 h or longer times in final volumes of 200 μl (5×10 3 cells/well). Then 20 μl of MTT (5 mg/ml in normal sodium) was added to each well, and cells were incubated for an additional 3 h. Then the medium was carefully removed and precipitates were dissolved in 150 μl of DMSO, shaken mechanically for 10 min and then absorbance readings at a wavelength of 570 nm were taken on a spectrophotometer (Molecular Devices, Sunnyvale, CA). IC50 values were calculated using percentage of growth versus untreated control.
Wound-healing assays
HUVEC cells were seeded in 6-well plates precoated with 0.1% gelatin and grown overnight to confluence. The monolayer cells were wounded by scratching with 200 μl pipette tips and washed twice with serum-free DMEM to remove the nonadherent cells and then replaced by serumfree DMEM with the indicated concentrations of compounds for 24 h. Images were taken at 0 h and at 24 h independently after incubation at 37 o C, 5% CO2. The migrated HUVEC cells were manually counted. The values were observed from three randomly selected fields. Similar patterns of the inhibition effects were observed in three independent experiments.
Cell invasion assays
Experiments assessing cell invasion ability were performed using a transwell chamber containing a polycarbonate filter with a pore size of 8 μm as described (Huang et al., 2002) . At the top chambers, HUVEC Cells were counted and resuspended in serum-free DMEM containing 0.1% BSA at a final concentration of 5×10 4 cells/100 μl. The bottom chambers (600 μl) were filled with DMEM with 10% fetal bovine serum. The top and bottom chambers contained the same series of concentrations of the compound and were allowed to migrate for 24 h at 37 o C, 5% CO2. After incubation, the noninvasive cells that remained on the upper surface of the filter were removed by a cotton swab. Cells that traversed through the Matrigel and the polycarbonate filter were attached to the lower surface of the filter, and were fixed with 4% paraformaldehyde for 20
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min and washed three times with 1×PBS. The cells were stained by H&E and then destained with 1×PBS. The number of invasive cells was additionally quantified by counting 3 random fields under the microscope.
F-actin fluorescence stain to assay cytoskeleton distribution
Cells were planted onto sterile cover slips in 6-well plates at a concentration of 5×10 4 cells/ml. Following incubation with test reagents for 24 h, the culture medium was aspirated and cells were immediately fixed with 4% paraformaldehyde at room temperature for 20 min. Then samples were washed three times in PBS and incubated with FITC-conjugated phalloidin (Molecular Probes, Inc.) (200 ng/ml) in dark condition for 2 h. Cells were visualized under fluorescence microscopy (Olympus) and photographed.
Tube formation assays
The effects of FH treatments on in vitro angiogenesis were determined by tube formation assay. Matrigel was dissolved at 4 o C for overnight. Each well of prechilled 96-well plates was coated with 50 μl Matrigel and incubated to solidify at 37 o C for 45 min. After removing the unsolid fluid, about 4×10 4 HUVEC cells were seeded and cultured in DMEM containing various concentrations of drugs for 24 h. Images were digitally captured (Olympus) at 6 h after plating.
Zebrafish embryos assays
Using TG (fli-1:EGFP) zebrafish embryos where EGFP is expressed in all endothelial cells of the vasculature, we examined the effect of the compound on embryonic angiogenesis. Zebrafish embryos were generated by natural pair-wise mating and raised at 28.5 o C in embryo water (0.2 g/L of Instant Ocean Salt in distilled water). At about 6 h post-fertilization (hpf), the embryos were sorted in the 6-well plate (6 embryos/well), removing dead and unhealthy embryos. Then the embryos were treated with the indicated concentrations of the compound which were added into embryo water. After incubation for 24 h, the embryos were anesthetized using 0.05% 2-phenoxyethanol in embryo water and photographed.
Western blot analysis
HUVEC cells were lysed with protein lysis buffer [150 mM NaCl, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl (pH 8.0), 10 mM sodium fluoride, 1 mM sodium orthovanadate and 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM cocktail]. Protein concentration was determined by the Bradford protein assay. The samples were denatured in sample buffer, and equal amounts of protein were separated according to molecular weight on 10% SDS-PAGE gel and transferred onto a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked for 1 hour in 5% dried milk in TBST（TBS + 0.1% Tween 20)） at room temperature and probed overnight at 4 o C with ERK1/2, protein kinase B (AKT) and β-actin antibody diluted in "blocking buffer". Blots were washed thrice for about 15 min with TBST and incubated with corresponding secondary antibodies diluted in blocking buffer that were conjugated with horseradish peroxidase for 1 h at a temperature of 37 o C. After three additional washes, blots were developed by a 1-min incubation with enhanced chemiluminescent substrate and exposure to Kodak X-OMAT autoradiographic film (Kodak, Hemel Hempstead, United Kingdom).
